This review is intended as a comprehensive survey of iodinated metabolites possessing carbon-iodine covalent bond, which have been obtained from living organisms. Generally thought to be minor components produced by many different organisms these interesting compounds now number more than 110. Many from isolated and identified iodine-containing metabolites showed high biological activities. Recent research, especially in the marine area, indicates this number will increase in the future. Sources of iodinated metabolites include microorganisms, algae, marine invertebrates, and some animals. Their origin and possible biological significance have also been discussed.
Introduction
Iodine (chemical symbol I; atomic number, 53; atomic mass, 126.9) is a dark violet (Greek, ioeides, violet) nonmetallic solid element. There are thirty isotopes of iodine and only one, 127 I, is stable. The artificial radioisotope 131 I (a beta emitter), which has a half-life of 8 days, has been used in treating cancer and other pathologies of thyroid glands. 129 I and 131 I are the most important radioactive isotopes in the environment. Radioactive 131 I was discovered by Glenn T. Seaborg and John Livingood at the University of California at Berkeley in 1938 [1] . Some isotopes of iodine, such as 123 I, 124 I, and 125 I are used in medical imaging and treatments, but are generally not a problem to the environment because they have very short half-lives. 131 I is used across the world to treat thyroid disease, and 125 I is usually used for investigation of iodine biosynthesis in living organisms.
Iodine is widely distributed in nature, occurring as iodides or iodates, but never as a free element. It is usual to find iodine in rocks, soils, and underground brines. The level of iodine in seawater is about 0.05 ppm. Less than a dozen minerals in which iodine is an essential constituent have been found, the most important being lautarite and calcium iodate, found in Chilean nitrate deposits [2, 3] .
Iodine was discovered in 1811 by the French chemist, Bernard Courtois (born in 1777 in Dijon and died in 1838 in Paris), who manufactured potassium nitrate (KNO 3 ) for Napoleon's armies [4] . Courtois served as a pharmacist in the French Army and later joined his father's saltpetre business.
In 1811 he added too much sulfuric acid to seaweed ash, a major raw material in saltpetre production, and obtained a violet vapor that condensed to form dark crystals [5] . The gas condensed on metal objects in the room, creating solid iodine. Today, iodine is chiefly obtained from deposits of sodium iodate (NaIO 3 ) and sodium periodate (NaIO 4 ) in Chile and Bolivia [3] .
2 NaI + 2 H 2 SO 4 NaHSO 3 + NaHSO 4 + I 2 + H 2 O In Courtois' process calcium nitrate, isolated from nitre beds, was converted to potassium nitrate by means of potash from wood ashes. In order to conserve potash, much of the nitrate was converted to sodium nitrate by means of crude ash, which was obtained from kelp (seaweed ash). Courtois noticed violet fumes which condensed and corroded his copper equipment. Properties of this new substance were investigated by Nicolas Clément (1779-1841) and Bernard Désormes (1777-1862) and later by Louis-Joseph Guy-Lussac (1778-1850), who first recognized it as a new element and named it after the Greek word for violet. About the same time, the English chemist Sir Humphry Davy (1778-1829) confirmed many of these properties [6a-e] . Davy first made iodine pentoxide (I 2 O 5 ), a colorless, odorless, crystalline substance of high density in 1815 [6f -h] . It is a strong oxidizing agent, and with oxidizible substances sometimes detonates. 'Jodgorgosaure' (3,5-diiodotyrosine or iodogorgonic acid) (1) was first isolated from a gorgonian coral by Drechsel in 1896 [7] . In 1907 Morner [8] and Henze [9] independently studied the organic matter of the skeleton of some gorgonian species (Anthozoa), and showed the presence of iodogorgonic, and bromogorgonic acids. Iodogorgonic acid {β-(4hydroxy-3,5-diiodophenyl)alanine} has other names such as agontan, apothyrin, cemiod, dityrin, flaianina; diiodogorgoic acid, diiodogorgonic acid, iodogorgoic acid, itir, and jodgorgon.
More recently, Roche and Lafon [10,11] studied different species of gorgonins, and they had found the following percentages of iodine, unsubstituted tyrosine, monoiodotyrosine (2), and diiodotyrosine (1), respectively: Ellisella paraplexauroides 1.6, 4.0, 2.2, 2.0; Leptogorgia chevolieri 0.1, 1.0, 0, trace; Rhipidigorgia elegans 0.1, 1.7, 0, 0; R. flabellum 0.6, 8.0, 1.2, trace; Eunicella ctenocelloides 8.9, 4.6, 8.8, 9.5; E. verrucosa var. typica 9.3, 5.2, 7.1, 12.6: var. stricta 6.8, 4.9, 9.2, 5.1; Euplexaura maghrebensis 0.2, 1.1, 0, trace; E. pseudobutikofferi 0.5, 2.4, trace, trace; E. purpuroviolacea 0.1, 1.3, nd, nd; and Plexaura kukenthalii 2.4, 5.5, 2.3, 3.2.
In 1910, Wheeler and Mendel [12] isolated 1 from the marine sponge Spongia officinalis obliqua. Further investigations, particularly those by Ackermann [13, 14] and Low [15, 16] confirmed the presence of 1 in sponges and demonstrated the concurrent presence of the dibrominated analogue. In 1926 Clancey [17] studied spongin from the marine sponge Hippospongia equine, and, after acid hydrolysis, found 1, glutamic acid, glycine, and smaller quantities of various other amino acids.
Edward Calvin Kendall (1886 Kendall ( -1972 , professor of physiological chemistry at the Mayo Clinic, isolated thyroxine (3) in crystalline form in 1915, and established that the crystalline form had the same effects as the thyroid extract from which it was obtained [18] . A decade later, in 1925 , Harington (1897 -1972 defined the chemical formula of thyroxine [19, 20] . Thyroxine (3) was synthesized in 1927 by Harington and Barger [21] . More recently, in 1952, identified the second hormone as 3,5,3′-L-triiodothyronine (4), which is more active than 3. Thyroxine (3,5,3',5'tetraiodothyronine) is produced by follicular cells of the thyroid gland. It is produced as the precursor thyroglobulin, which is cleaved by enzymes to produce active T4. Thyroxine is produced using the ring structures of tyrosine, to which iodine is attached. Thyroxine contains four iodine atoms; triiodothyronine is identical to T4, but it has one less iodine atom per molecule. The metabolism and physiological activity of isolated thyroid hormones have also been reported [23] . Seafood, iodized salt, and sea vegetables, for example kelp, are high in iodine. Around 200 species of seaweed are being harvested commercially, 110 species are used for human food, 80 for production of bioactive compounds, and 11 species Alaria esculenta, Ascophyllum nodosum, Ecklonia maxima, Eisenia bicyclis, Fucus vesiculosus, Hizikia fusiforme, Laminaria sp., Palmaria palmate, Porphyra tenera, Postelsia palmaeformis, and Sargassum sp. are used as major sources of iodine [24a] .
Oriental Materia Medica [24b,c] gives the following descriptions of activity of some seaweed. Kunbu, a mixture of the brown algae Laminaria and Ecklonia is used for liver, stomach, and/or kidney illness. Haizao (Sargassum species) is used for scrofula, goiter, tumor, edema, testicular pain and swelling. Zicai (marine red alga Porphyra) is also used for goiter, beriberi (leg swelling), edema, urinary infection and sore throat.
People who avoid dairy products, seafood, processed food, and iodized salt can become iodine deficient. Iodine deficiency can cause low thyroid function, goiter, and cretinism; however, iodine deficiencies are now uncommon in Western societies.
This review is intended as a comprehensive survey of iodinated metabolites possessing carbon-iodine covalent bond, which have been obtained from living organisms. Generally thought to be minor components produced by many different organisms, these interesting compounds now represent a family of more than 110 compounds. Many isolated and identified iodine-containing metabolites showed high biological activities.
According to the National Library of Medicine (Bethesda, MD), more than 76,000 experimental and review articles have been published during the last 55 years on iodine and iodine-containing compounds. Recent research, especially in the marine area, predicts an increase of this number in the future. Sources of iodinated metabolites include microorganisms, algae, marine invertebrates, and some animals. Their origin and possible biological activity and significance have also been discussed.
Abiogenic Iodine
The halogens (Cl, Br, and I) play an important chemical role in the atmosphere. Highly volatile elements such as Cl, I, F, and Br were detected in volcanic vapors from the summit crater of Kudryavyi volcano, Iturup, Kuril Islands [25] . Light hydrocarbon compounds are relatively widespread in high to medium-enthalpy geothermal systems all over the world [26, 27] . Detailed studies of their behavior in oil fields are available, whereas little is known for volcanic and geothermal systems. Fumarole and lava gas samples from four volcanoes (Kuju, Satsuma Iwojima, Mt. Etna, and Vulcano) have been studied using GC-Ion Trap-MS. More than 300 organic substances including 5 fluorinated, 100 chlorinated, 25 brominated, and 3 iodinated compounds (chloroiodomethane, iodomethane, and iodoethane) have been identified [28] .
The first ever observation of CH 3 I in the middle and upper free troposphere was recorded during the NASA Pacific Exploratory Mission in the western Pacific [29] . Butler [30] reported the occurrence of methyl iodide and iodine in the marine atmosphere.
Reactive halogen species (RHS), such as the halogen oxide radicals IO and BrO influence tropospheric oxidation processes in both polar and temperate regions. Oceanic photolabile halocarbons have been shown to be strong sources of RHS in midlatitudes. The RHS such as CH 3 I, CH 2 I 2 , CH 2 ClI, CH 2 IBr, CHIBr 2 , CHBr 3 , CH 2 Br 2 , and CHBr 2 Cl were detected at Mace Head, Ireland, and Cape Grim, Tasmania [31] .
The very reactive halocarbons CH 2 I 2 , CH 2 IBr, and CHIBr 2 observed at Mace Head were below detection limits at Cape Grim, although CH 2 ClI was detected at both locations. Mixing ratios of CH 3 I, CH 2 ClI, CHBr 3 , CHBr 2 Cl, and CH 2 Br 2 at Cape Grim were on average 25-50% of those at Mace Head.
The fluorine, chlorine, bromine, and iodine content have been found for volcanic rocks in Japan [32] and volcanic mud [33] . Bromine and iodine were found in ocean silts [34] , hydrothermal vent fluids, hydrothermal vents and marine sediments [35] . The concentration and distribution of iodine in pegmatites, metasomatites and the surrounding metamorphic rocks was also reported [36] .
Biogenic Iodine in Seawater
Numerous studies of ocean-to-atmosphere iodine enrichment showed that the ocean is a major source of atmospheric iodine. Methyl iodide is an atmospheric trace gas and a major source of atmospheric iodine. Recent estimates of methyl iodide sources and sinks indicate that anthropogenic sources are negligible. The major source of atmospheric methyl iodide is emissions from the ocean. The production pathways of methyl iodide in the ocean are, however, poorly understood.
The known oceanic sources can only account for about 10% of the ocean-atmosphere flux, whereas the sources for the remaining 90% are not known [37, 38] . Also, many other iodoalkanes have been detected in seawater. The occurrence of alkylated volatile iodide and selenide species along with the salinity gradient was investigated in water, sediments and overlying atmosphere of three major European estuaries, the Gironde, the Rhine and the Scheldt [39] . Up to eight volatile alkyl-iodides were observed in estuarine waters. The major one (ca. 40%) was methyl iodide with average seasonal concentrations ranging from 1 to 100 pM/L. Other species observed were several halomethanes and light alkyl iodides identified as methyl iodide [CH 3 I, (5)], ethyl iodide [C 2 H 5 I, (6)], n-propyl iodide [C 3 H 7 I, (7) ] or iso-butyl iodide [(CH 3 ) 2 CHCH 2 I, (8)], and mixed alkyl halides such as chloroiodo-and bromoiodoalkanes. The occurrence of methylated iodides and selenides seems to be mainly related to the algae biomass turnover as indicated by photosynthetic pigment tracers (i.e. chlorophyll A and phaeopigments) and seasonal variation of surface water concentrations. The production and release of gaseous iodide and selenide compounds may then result from natural biological pathways leading to the methylation of their inorganic form. Short-lived organoiodines including CH 3 I, C 2 H 5 I, CH 2 ICl (9), CH 2 IBr (10), CH 2 I 2 (11), and the hitherto undetected CHIBr 2 , as well as the organobromines CHBr 3 , CH 2 Br 2 , CHBr 2 Cl, CH 3 Br, and C 2 H 5 Br, were measured in air and seawater at and around Mace Head, on the west coast of Ireland [40, 41] .
Non-volatile dissolved organic iodine can be a major, or even the dominant, species of dissolved I in coastal, inshore and estuarine waters. It can be converted to IO 3 - in the presence of an oxidizing agent and to Iby reacting it with a reducing agent [42] . All of these various forms can be interconverted in the oceans.
Phytoplankton, for example, take up iodate and convert it into iodide, which is mostly, but not completely, released. The results indicate that iodated alkanes were produced by planktonic organisms rather than by macroalgae. It is shown that the diversity of iodated organic compounds released in the seawater is larger than was previously suggested. In the global cycling of iodine it is necessary to consider organic compounds other than methyl iodide [34a, 37, 38, 43] . The most stable form of iodine in seawater (iodate) is reduced to iodide in the surface waters of the oceans.
The Iand IO 3 concentrations were measured in subtropical waters along the continental shelf and slope waters of eastern Australia [44] . A thermocline between 50 and 100 m separated Coral Sea waters from subtropical deep water on all transects. A sharp change in Iand IO 3 concentrations occurred at the thermocline. Iconcentrations in shelf waters were 0.07-0.18 μM between 0 and 50 m, and 0.01-0.03 μM below a depth of 100 m. IO 3 concentrations were reversed, being 0.32-0.39 μM in the top 50 m, and increasing to 0.46 μM below 100 m. Significant   atmospheric enrichments of I 2 , IO 2  -, IO -, and NO 3   - were reported for the marine boundary layer at Mace Head Atmospheric Research Station on the west coast of Ireland [45] .
Dead organic matter becomes buried in marine sediments, where it decomposes and releases iodide into the pore waters [46] . Recent fluvial, lacustrine and marine sediments were found to contain significant concentrations of organohalogens which cannot be explained by known anthropogenic halogen compounds [47, 48] . Plant material has therefore to be considered as the most important primary source of high molecular weight organohalogens in sediments. Biogenic halogenation of organic substrates by haloperoxidases (occurring in algae and other marine organisms but also in terrestrial lichens and fungi) leading to volatile organo-halogens has already been observed [49] [50] [51] [52] [53] .
Biodiversity of Iodine-Containing Metabolites
Biogenic iodine derivatives and iodine-containing metabolites have been isolated from bacteria, cyanobacteria, micro-and macroalgal species, marine and freshwater invertebrates, fishes, amphibians, other animals and humans. Inorganic iodinated compounds were found in plants, fungi and lichen species [48] [49] [50] [51] [54] [55] [56] .
A few papers described an accumulation of iodine by microscopic fungi. A study has been made of iodine accumulation by strains of the microscopic fungus Penecillium chrysogenum isolated from Soddymiddle podzolic soils of the Kirov region. It has been shown that the fungi are able to accumulate from 5.0×10 -5 to 10.2 % of the iodine, depending upon the iodine content and the degree of the organism's tolerance to its high concentrations [57] .
Vegetables grown in normal areas were much higher in iodine than those from goitrous areas, and as high or higher than in vegetables reported from nongoitrous areas. There was good agreement between the average iodine content in cottonseed meal and that in soils of the same region. There was a considerable range in iodine content of different samples of the same type of forage and a wide range between average iodine contents of different types of forage, but iodine was deficient in very few cases [58] . The iodine content in fodder plants was the lowest in plants belonging to the Gramineae, Rosaceae and some other families and the highest in plants of Cruciferae, Compositae, Labiateae, Papilionaceae, Umbeliferae, and other families [59] . There was no relation between the altitude and the iodine levels in plants. The distribution, accumulation, and seasonal variability of the iodine species in different plants have been discussed and reported [60] [61] [62] . The occurrence of the iodine species in vegetables and fruits were studied and also published [63-65].
Bacteria and Cyanobacteria
Marine bacteria are a very important group of organisms in trophic chains. In 1968, Gozlan [66] first reported the isolation of iodine-producing bacteria. This organism was designated Pseudomonas iodooxidans, species nova and was resistant to 10-25 ppm free I in seawater containing little organic matter. The mechanism of oxidation was mediated by H 2 O 2 generated by the bacterium and an extracellular enzyme system [67] and characterized as a hemoprotein peroxidase, sensitive to azide and cyanide [68] . However, these studies did not examine the formation of organic iodine.
More recently, two strains of iodine-producing bacteria were isolated from marine samples [69] . The 16S rRNA gene sequences indicated the strains were most closely related to Roseovarius tolerans, and phylogenetic analysis indicated that both belong to the same genus. A 5 mM iodide solution inhibited the growth of strain 2S5-2 almost completely, and of strain S6V slightly. Both strains produced free iodine and organic iodine from iodide with CH 2 I 2 , CHI 3 , and CH 2 ClI being the main organic iodines produced by strain 2S5-2, and CHI 3 and CH 2 I 2 by strain S6V. Experiments using cells and spent media suggested that the organic iodine was produced from compounds in the media, and cells were necessary for the considerable production of CH 2 I 2 and CH 2 ClI, though CHI 3 was produced by spent media with H 2 O 2 or free iodine. The similarity of the sequences of R. tolerans and strain 2S5-2 was 97.6% in 1419 bp and that of R. tolerans and strain S6V was 95.9% in 1420 bp. The two isolated strains and R. tolerans made a cluster that was supported by a high bootstrap value. Based on these results, both strains were identified as Roseovarius spp. Both isolated strains produced iodoform. There have been few reports on the production of iodoform [CHI 3 (12) ] by organisms, or on the detection of iodoform in seawater [70] [71] [72] .
Also, the roles of microorganisms in I volatilization from soils were studied [73] . Soils were incubated with iodide ion (I -), and volatile organic I species were detected with a gas chromatograph. I was emitted mainly as CH 3 I, and this emission was sometimes enhanced by the addition of glucose. Forty bacterial strains were randomly isolated from soils, and their capacities for volatilizing I were detected. Among these, 14 strains volatilized significant amounts of I when they were cultivated with iodide ion. Phylogenetic analysis based on 16S ribosomal DNA sequences showed that these bacteria are widely distributed through the bacterial domain. Results suggest that I in soils was methylated and volatilized as CH 3 I by the action of soil bacteria, and that iodine-volatilizing bacteria were ubiquitous in soil environments. The roles of microorganisms in the global iodine cycle (iodate reduction in marine, iodine absorption to soils, volatilization of organic iodine, etc.) iodine methylation by phytoplankton and marine bacteria, microbial participation in iodine methylation and volatilization from soils, and biochemistry of iodine methylation has recently been observed [74] .
Complex iodine-containing metabolites have been isolated from some cyanobacterial species. The marine heterocystous cyanobacterium, Kyrtuthrix maculans (Stigonemataceae) forms a conspicuous blackish-green crust in the high eulittoral of moderately exposed rocky shores in Hong Kong [75] . A variety of ecological roles have been proposed for many secondary metabolites produced by marine organisms [76] and, in this respect, the chemistry of K. maculans is of great interest as compounds produced by this species appear to deter predation by molluscan herbivores and also to cause mortality of barnacle larvae (Tetraclita spp.). Tribenzylbutyrolactones and halogenated secondary metabolites, including 3,6-diiodocarbazole (13) have been obtained from one colony of K. maculans [77] . Spirulina is a freshwater cyanobacterium consisting of 70% easily digestible protein, and contain 18 of 22 essential amino acids. It is an excellent source of B vitamins, particularly vitamin B12 [78, 79] . Thirty day cultures of Spirulina platensis were incubated for 3 days with 131 I, and after hydrolysis by NaOH, 1, 2, 3 and 4 were isolated [80] .
New iodinated diterpenes, named tasihalides A (14) and B (15) , have been isolated from an assemblage of a marine cyanobacterium belonging to the genus Symploca, and an unidentified red alga. In addition to possessing a novel cage structure, the tasihalides represent the only examples of iodinated diterpenes in nature [81] . (16) (17) (18) (19) (20) , was isolated from the fermentation broth of Micromonospora echinospora subsp. calichensis [82] [83] [84] [85] . These antibiotics exhibited significant activity against Gram-positive and Gram-negative bacteria in vitro. Calicheamicin gamma 1I (17) demonstrated antitumor activity against P388 leukemia and B16 melanoma in vivo.
Phytoplankton
Phytoplankton release iodine-containing organic gases into the sea. There may also be some formation of these substances through reactions brought about by sunlight. Diatoms are one of the most abundant groups of phytoplankton and, as such, form the base of the feeding pyramid [86] [87] [88] . There they serve as the first link in the conversion of sunlight into usable energy.
Marine phytoplankton are implied to play an important role the iodine-evaporation from the ocean into the atmosphere, iodine-migration to the suboceanic sediment and iodine-supply to aquatic lower animals [86, 88] . However, the role of iodine in phytoplankton remains unclear due to the lack of basic data on their physiology.
Several studies have suggested that phytoplankton play a role in the iodine cycle [89] . Using a shortterm incubation technique for determining the uptake of iodate by phytoplankton, cultures of Thalassiosira oceanica, Skeletonema costatum, Emiliania huxleyi, and Dunaliella tertiolecta were found to be capable of assimilating iodate at rates ranging from 0.003 to 0.24 nM of IO 3 µg chlorophyll a -1 h -1 . The kinetics for the uptake of iodate can be modeled, and the similarity between the model and experimental results suggests that there is a steady state between iodate uptake and release of dissolved iodine from the cells, presumably in the form of iodide. Thus, phytoplankton can be a significant component of the global iodine cycle by mediating changes in the speciation of iodine in the marine environment [89] .
The growth of the diatom Chaetoceros was suppressed by iodate even at 0.1 mM, whereas that of the coccolithophorids, Emiliania and Gephyrocapsa, was stimulated at 1 mM. Other marine microalgae, such as green alga Dunaliella, raphydophycean alga Heterosigma, diatoms Bellerochea and Skeletonema and haptophyte Isochrysis were not influenced by such high concentration of iodate and iodide. The stimulatory effect in Emiliania huxleyi was obvious in cells at the stationary phase but not at logarithmic and linear growth phases. Such stimulating effect was specific to iodate, but not to iodide. The radioactivation analysis indicated that the internal concentration of iodine was 4.4, 140 and 530 mM, respectively, in cells grown in the presence of 0.4 mM KI, 1 mM KI and 1 mM KIO 3 [90] . Six species of phytoplankton, representing six major phylogenetic groups (2 oceanic species: a cyano-bacteria, Synechococcus sp., and a coccolithophorid, Emiliania huxleyi; and four coastal species: a prasinophyte, Tetraselmis sp., the green algae Dunaliella tertiolecta, the diatom Skeletonema costatum and a dinoflagellate Amphidinium carterae) were tested for their ability to reduce iodate to iodide in batch cultures [91] . They all did so to varying degrees. Thus, the reduction of iodate to iodide by phytoplankton may be a general phenomenon in the marine environment. At ambient concentrations of iodate, the rates of depletion of iodate and appearance of iodide varied between 0.8 and 0.02, and between 0.3 and 0.02 nM of I μg chlorophyll a -1 d -1 , respectively. E. huxleyi was the least efficient while A. carterae was the most efficient in the depletion of iodate. However, in the formation of iodide, while E. huxleyi was also the least efficient, Synechococcus sp. were the most efficient.
Fuse and co-workers [92] studied the effects of Iand IO 3 on the growth of five species of phytoplankton and their accumulation of I. The Iand IO 3 did not inhibit the growth of Dunaliella, Thalassiosira weissflogii, Gymnodinium sanguineum, or Heterosigma akashiwo at concentration of ≥10 -4 M. Chattonella antiqua was not inhibited by ≤10 -6 M IO 3 . The concentration of Iwhich began to inhibit C. antiqua was 0.1-1.0 μM. Iwas preferentially taken up over IO 3 -. C. antiqua and T. weissflogii accumulated the most I. Most of the I in C. antiqua was lipid I, while that in T. weissflogii was watersoluble. The simple iodinated alkane (CH 2 ClI) has been isolated from the phytoplankton (diatom species): Nitzschia sp. and Porosira glacialis [51] .
Marine Algae
The multicellular marine algae (or seaweeds) are the oldest members of the plant kingdom, extending back many hundreds of millions of years. Many species of seaweed are edible and rich in vitamins and iodine [49] [50] [51] 93] . Marine algae are a good source of eicosapentaenoic and docosahexaenoic acids [94], betaine ether-linked glycerolipids [95] , and other biologically active compounds [96] . Marine algae are an important food source in many Asian countries. Japanese cuisine employs different varieties (such as Kombu, Laver, Wakame and Nori) for many uses including soups, vegetables, tea, Sushi and as a general seasoning.
Many papers have been published which describe the occurrence and distribution of iodine in marine algae collected around the world [97] . The chemical species of iodine in seven marine algae including Codium fragile, Ulva pertusa, Monostroma nitidum, Gracilaria confervoides, Sargassum miyabei yendo, Dictyopteris divaricata, and Laminaria japonica were studied by neutron activation analysis combined with chemical separation [98, 99] . All algae were collected along Chinese coastal waters. The contents of total iodine, water soluble iodine, organic iodine, Iand IO 3 in seven algae were detected. The chemical species and content of iodine in various algae are remarkably different.
The highest iodine content of 734 mg/kg (wet basis) was found in L. japonica, and with 99.2% of total iodine being water soluble iodine. The iodine content in other six algae was lower, and the soluble iodine made up 16-41% of the total. Neutron activation detection of iodine content in samples of 18 Sargassum species: S. angustifolium, S. assimile, S. carpophyllum, S. fusiforme, S. glaucescens, S. hemiphyllum, S. henslowianum, S. herklotsii, S. ilicifolium, S. kuetzingii, S. mcclurei, S. parvifolium, S. polycystum, S. subtilissimum, S. tenerrimum, and S. vachellianum collected in Guangdong and Guangxi Province in April 1996 showed large differences: 0.47×10 -3 in Sargassum hemiphyllum, 0.56×10 -3 in Sargassum assimile, and 4.5×10 -3 in Sargassum vachellianum) [100] . The iodine content in seven Sargassum species was detected by UV-Vis spectrometry [101] . The S. pallidum, S. kjellmanianum, S. thunbergii, S. horneri, S. polycystum and S. hemiphyllum iodine mean contents were 32.3, 26.8, 14.8, 13.3, 68.0, 3.0 and 34.3 μg/g (dry wt), respectively. The concentration of iodine in 18 species of marine algae (red, brown, and green) from Cape Comorin (India) was analyzed by the caustic potash method. The values ranged from 2.54 to 70.85 mg/100 g dry wt. High iodine content was observed in red algae (38.07) as compared to green (29.07) and brown (27.18 mg/100 g dry wt) algae [102] .
The seasonal variation of iodine levels of 21 species of marine algae from Okha has been analyzed [103] . The levels in green seaweeds are highest (66.8 to 88.2 mg/100 g dry algae) in Caulerpa racemosa and lowest (30.3 to 38.1) in Enteromorpha flexuosa. The level increased from young to mature plant. Among the brown algae, the levels were highest (188.9 to 246.8) in Leuringia boergensenii and lowest (27.9 to 72.0) in Padina tetrastromatica. In the red algae, the levels were highest (91.0 to 438.5) in Asparaopsis taxiformis and lowest (66.1 to 151.2) in Sarconema filiformis. The KOH method generally gave a higher iodine level than the ion analyzer and Larsen methods. L. boergensenii grown in seawater enriched with KI and nutrients, absorbed 17.2% more iodine than the controls. of the shore zone of the South-Eastern Crimea (Kara-Dag reserve, Russia) and in eight representatives of macrophytobentos of the Kara-Dag-shelf has been investigated [104] . In the terrestrial plants the amount of iodine was very small, 0.18-0.24, and in sea plants it varies from 75 mg/kg (Zostera noltii) to 6750 mg/kg (Pyllophora nervosa). The variability of iodine content in seaweeds was related to barrier and non-barrier mechanisms of physiological accumulation of this element. Representatives of the non-barrier type (78-240 mg/kg) are found among green, brown and red algae (Cladophora sericea and C. albida), Cladostephus verticillatus and Pyllophora nervosa). Representatives of the barrier type (2400-6750 mg/kg) are found in green and brown algae (Ulva rigida, Codium vermilara, Padina pavonia, Cystoseira crinita). Iodine was found in some marine macrophytes from the South-Eastern Crimea, which include Phyllophora nervosa, Cladophora sericea, C. albida, Cystoseira crinita, and Ulva rigida, and also detected in the marine grass Zostera noltii. In Cladostephus verticillatus the content of iodine corresponds to that in Laminaria species. Padina pavonia and Codium vermilara are not industrial sources. Other iodinecontents and different iodoalkanes (5-22) isolated from some red, brown and green algae are shown in Tables 1, 2 and 3, respectively. The Rhodophyceae (red algae) are an established source of volatile halocarbons in the marine environment. Some species belonging to the Bonnemaisoniaceae have been reported to contain large amounts of halogens in vesicle cells, suggesting involvement of these specialised cells in the production of halocarbons, including iodinecontaining metabolites [50, 51] . Many simple functionalized halogenated metabolites are produced by red algae Asparagopsis armata and A. taxiformis [50, 51, 109] .
In 1926, Sauvageau [110] discovered the presence of I in the young cells of algae found on the coast of the Gulf of Gascony, particularly Asparagopsis armata, Falkenbergia doubleti and Bonnemaisonia asparagoides. They contain free I in the vacuoles inside the cells, and also combined I, which varies in amount with the age of the plant. The author suggested that they would be suitable for therapeutic uses. More recently, many halogenated bromine-and iodine-containing haloforms with smaller amounts of other halogenated methanes and several halogenated ethanes, ethanols, formaldehydes, acetaldehydes, acetones, 2-propanols, 2-acetoxypropanes, propenes, epoxypropanes, acroleins, and butenones have been Red algae, particularly species of Laurencia and Plocamium, have provided a rich and diverse collection of halogenated terpenes over the past 30 years. The first examples of iodinated sesquiterpenes, 10-bromo-7-hydroxy-11-iodolaurene (50), and 7bromo-2,3,4,5-tetrahydro-2-(iodomethyl)-5,8,10trimethyl-2,5-methano-1-benzoxepin (51), were isolated from Laurencia nana [117] . Nine novel and several known oxylipin metabolites were isolated from the brown alga Eisenia bicyclis. Five of them are ecklonialactone derivatives containing chlorine or iodine. Eiseniaiodide A (52) and B (53) are cymathere type oxylipins with a lactone ring and iodine atom [118] .
A new class of halogenated lactones (54-61) has been isolated from the red algae of the genus Delisea (Bonnemaisoniaceae) [119, 120] . The interest in Delisea fimbriata was stimulated by the significant in vitro antimicrobial and antifungal activity of the dichloromethane extract of the freeze-dried alga [119] .
A number of halogenated metabolites such as fimbrolides, acetoxyfimbrolides, and hydroxylfimbrolides along with the halogenated furanones have been isolated from marine algae [50, 51, [119] [120] [121] [122] . Beckerella subcostatum contains a variety of [127] .
Twenty-one polyhydroxyphenols, derived from phloroglucinol, were isolated from Eisenia arborea. Most of these compounds contain dibenzo[1,4]dioxin or benzofuran moieties. Halogenated compounds also occur as monobromo-and monoiodophloroglucinol (62), 4'-bromo-and 4'-iodoeckol (63) as well as 1-bromo-and 1-iodophloroeckol (64) [128] . Forty five phloroglucinol derivatives, including two iodinated (62) and 2[D']iododiphlorethol pentaacetate (65), were obtained from an ethanolic extract of the brown alga Carpophyllum angustifolium after peracetylation [129] .
A new iodolactone, 2-(tetrahydro-4-iodo-2-methyl-6oxo-2H-pyran-4-yl) ethyl ester octadecanoic acid (66) , was isolated from the ethanol extract of the alga Laurencia majuscula, collected from the Xisha Islands in the South Chinese Sea [130] . The pharmacological active constituent of the red alga Hypnea valendiae was identified as 4-amino-7-(5'deoxyribos-1'-β-yl)-5-iodopyrrolo[2,3-d]pyrimidine (67) . A second nucleoside, tentatively assigned as the 1'-α isomer (67a), was also isolated [131] . 
Marine Sponges
The marine sponge is the oldest and simplest multicellular animal on earth, having originated over a billion years ago. Many marine sponges contain dense, highly diverse microbial communities [132] . Marine sponges, and the microbes living within them, are important from both an ecological and a biotechnological viewpoint. Sponges are important members of shallow and deep water reef communities, with nutrition supplied by photosynthetic symbionts often allowing them to compete with other benthic organisms such as corals. Sponges are also renowned as a rich source of biologically active metabolites, including iodocontaining compounds, many of which have antimicrobial, antiviral or antitumor properties. In at least some cases, these metabolites are produced by the microbes, rather than the sponge itself [133] [134] [135] .
Analytical studies by secondary target energydispersive X-ray fluorescence spectrometry of the sponge species: Adocia sp., Cacospongia scalaris, Cliona celata, Cliona viridis, Ircinia fasciculate, Sarcotragus spinulosus, Spongia agaricina, Spongia nitens, and Spongia officinalis collected in August 1998 at the Berlengas Natural Park showed the presence of iodine, bromine and the trace elements: Al, As, Ca, Cu, Fe, K, Mn, Ni, Pb, Rb, Si, Sr, Ti, Zn, and Zr [136] .
The I and Br content spectrophotometrically in 12 species of sponges and 16 species of algae (red, brown, and green) collected in Indian sea waters. These elements on a dry wt basis varied from 0.025 to 1.29% for Br and from 0.001 to 0.085% for I in sponges. The I concentration varied from 0.003 to 0.0119% and Br from 0.008 to 0.128% in algae, Phaeophyta and Rhodophyta being richest in both these elements [137] . Chromatographic study of the freshwater sponge hydrolyzate showed small amounts of both mono-2 and diiodotyrosine (1) to be present in the scleroprotein (spongin) of Euspongia officinalis [138] . Novel iodinated metabolites 68 and 69 derived from tyrosine, have been isolated from the Caribbean sponge Iotrochota birotulata [139] . Investigation of the most polar fractions obtained from the organic extract of the Caribbean marine sponge Plakortis simplex led to the isolation of three novel iodinecontaining tryptophan betaines structurally related to the known hypaphorine, which have been named plakohypaphorine A (70), B (71) and C (72) [140] . Isolation of the new compounds is particularly remarkable since it represents the first finding of iodoindole derivatives in a natural source, either marine or terrestrial. More recently, an additional three new iodinated tryptophan derivatives, plakohypaphorines D-F (73-75), respectively, have been isolated from P. simplex [141] . Plakohypaphorine E (74) is the first naturally occurring triiodinated indole, while plakohypaphorine F (75) is a unique metabolite because it possesses both chlorine and iodine atoms on the indole nucleus. The Authors have evaluated the antihistamine activity of plakohypaphorines A-F, but only the diiodinated analogs were active, displaying a specific antagonism of the noncompetitive type [141] . The EtOH extract of the Senegalese sponge Ptilocaulis spiculifer has been (77) was isolated from the Caribbean sponge Geodia sp. [143] . Subsequently, cytotoxic cyclodepsipeptides, geodiamolides C-G have been reported from a Cymbastela sp. collected in Papua New Guinea [144, 145] . Geodiamolides H (82) and I have been reported from a sponge Geodia sp. [146] Neosiphoniamolide A (84), a novel cyclodepsipeptide with antifungal activity, was reported from the New Caledonian sponge Neosiphonia superstes [147] . Cytotoxic peptide geodiamolide TA (85) was isolated from the sponge Hemiasterella minor [148] .
Soft Corals
Soft corals have a soft or leathery feel to them [149] . They do not have a 'hard' calcium skeleton but do utilize small amounts of calcium, called spicules, to give themselves some rigidity. Gorgonians and their relatives are members of the Phylum Cnidaria (Coelenterata) and therefore possess specialized stinging cells and sticking cells, no organs and "bag in a bag" body structures. Evolutionarily they were the Thyroxine (3) was isolated from the gorgonian Leptogorgia virgulata [155] . A sample of the gorgonin Eunicella verrucosa var. stricta, previously found to contain 9.0% I -, 9.2% 3-iodotyrosine, and 5.1% 1, was hydrolyzed with Ba(OH) 2 and the hydrolyzate examined by chromatographic methods. Very small quantities of 3,3',5-triiodothyronine (4) and thyroxine (3) were found [156] .
A series of iodinated prostanoids, named iodovulones I-IV, and 7-acetoxy-7,8-dihydroiodovulone, have been isolated from some marine soft corals. Iodovulone I (86) and bromovulone I, were isolated from ether extracts of octocoral Clavularia viridis. Both compounds showed good antiproliferative and cytotoxic activity in human promyelocytic leukemia cells in vitro [157] . More recently, iodovulones I-IV, (86-89), respectively, and other halogenated metabolites bromovulones II and III, clavulones I, II, III, chlorovulones II, III, claviridenone E, and iodinated 7-acetoxy-7,8-dihydroiodovulone (90) were isolated from Taiwanese octocoral Clavularia viridis [158] . activity [160] . The structureantiproliferative and cytotoxic activity relationships of marine coral prostanoids from the Japanese stolonifer C. viridis and related compounds were examined in HL-60 cells in culture [161] . The alkylidenecyclopentenone structure in these activities (Cl > Br = I > H). Introduction of groups for blocking β-oxidation to the α-side chain of the prostanoids was required for the antiproliferative and cytotoxic activities against HL-60 cells, but the epoxy prostanoids without a cross-conjugated cyclopentenone system also had the activities. The OH group at C-12 enhanced the activities. Introduction of halogen atoms at the C-10 position of the prostanoids potentiated the prostanoids did not increase theeffects. The presence of dienone (C5-6 and C7-8) in the structure potentiated the activities. The results provide the basis for designing a new class of antitumor agent from marine coral prostanoids [161] .
Molluscs
Phylum Mollusca is one of the most species-rich groups of invertebrates. They live in the sea, on land,and in fresh water. Many species are of economic interest or important as indicators of environmental quality. Because of their long and well-documented paleontological history, they play an important role in stratigraphy and evolutionary research [162] [163] [164] . The molluscs comprise chitons, gastropods, bivalves, octopuses and squids, tusk shells and the two less well known groups Monoplacophora and Aplacophora. The words "mollusc" or "mollusk" (both are correct) derived from the Latin word mollis meaning "soft". The study of molluscs, "malacology", comes from the Greek word for soft, malacos.
Trace elements in the soft tissues of marine bivalves were detected by neutron activation and photon activation analysis [165] . The level of iodine and other elements (Ag, As, Br, Co, Cu, Fe, Mn, Ni, Rb, Se, and Zn) in the organs of giant ezoscallos, rock oysters, and giant clams were reported [166] . Microanalytical methods, X-ray spectrometry and secondary ion emission spectrometry, were used to detect the following elements: I, F, Al, Si, P, S, Cl, Ti, Cr, Mn, Fe, Ni, Cu, Zn, As, Sr, Sn, Ba, La, Tm, Pb, and U in the bivalvia Bathymodiolus species. These elements were detected within the gill (uptake organ), in the chemicosynthetic bacteria, the bacteriocytes, the common epithelial cells, and the Amebocytes. They were also detected within the digestive gland (main storage organ) in the glandular diverticular cells [166] . By using radioautography of tissue sections and of chromatograms from hydrolyzed tissue extracts, 131 I was shown to accumulate locally in a species of pond snail Planorbis corneus [167] . Tryptic hydrolyzates of Planorbis corneus showed the presence of 1, 2, 3, and 4. Iodine has not been found in invertebrates before.
In the freshwater snails, Lymnaea japonica, L. ollula and Physa acuta, oocyte proteinaceous yolk granules, deposited eggs, and embryos contained I, probably bound to tyrosine [168] . The water-soluble fraction of the viscera of an Okinawan green turban shell Turbo marmorata was separated by chromatography, using bioassay-guided (I.P. mouse lethality) fractionation, and two toxic metabolites, named turbotoxin A (96) (0.5 mg; LD 99 1.0 mg/kg) and B (97) (0.9 mg; LD 99 4.0 mg/kg) were isolated [169] . The same two toxins, turbotoxins A (96) and B (97) were also isolated from the Japanese gastropod Turbo marmorata. The mode of action of turbotoxins was investigated, and it was showed that they are inhibitors for acetylcholinesterase [170] . Both 96 and 97 exhibited acute toxicity against ddY mice, with LD 99 values of 1.0 and 4.0 mg/kg, respectively. The structure-toxicity relationships of turbotoxins were examined, and it was proved that the iodine atoms and trimethylammonium groups are important for its acute toxicity. Turbotoxin A (96) inhibits acetylcholinesterase with an IC 50 of 28 μM [169] . Sea hares (a type of sea slug) are small marine gastropod molluscs of the suborder Anaspidea belonging to the subclass Orthogastropoda, class Gastropoda. Doliculide (98), a cytotoxic cyclodepsipeptide of mixed peptide-polyketide biogenesis, was isolated from the Japanese sea hare Dolabella auricularia [171] . It was obtained in pure form from the visceral organ of Dolabella auricularia by extraction with an organic solvent. This compound has a potent growth inhibiting effect against HeLa S3 (human cervical carcinoma) cells and it is useful as the active ingredient of an antineoplastic agent [172] .
Tunicates
Tunicates (or ascidians, class Ascidiacea), commonly called sea squirts, are a group of marine animals that spend most of their lives attached to docks, rocks or the undersides of boats. Tunicates are part of the phylum Urochordata, closely related to the phylum Chordata that includes all vertebrates [173] . Only a few iodinated metabolites have been identified from this class of marine animals.
Detailed procedure for the determination of I, V, Cu, Br, and Zn in the ascidian Pyura microcosmus by activation analysis was described [174] . P. microcosmus contained the following levels of elements in μg/g of dry matter: I, 14.1; V, 1.0; Cu, 7.5; Br, 406.0; and Zn, 702.0. The environmental seawater contained: I, 6.5×10 -6 ; V, 3.8×10 -8 ; Cu, 8×10 -7 ; Zn, 3.5×10 -6 ; and Br, 4.1×10 -4 %.
The distribution of 131 I in the tissues of species representative of all suborders of the Class Ascideacea (Ascidia aspersa, Botrylloides leachii, B. nigrum, Ciona intestinalis, Diplosoma macdonaldi, Podoclavella australis, Pyura stolonifera, P. irregularis, Styela stolonifera) was studied by autoradiography of histological sections from ascidians that had been exposed to labeled iodide. 131 I was present in the endostyle, blood, tunic, and gonads of all species studied. The highest concentration of 131 I detected in Ciona intestinalis was in the blood.
Much of the radioactivity was present as proteinbound I and smaller amounts as mono-and diiodotyrosine and thyroxine. Blood appeared to be a major I-binding system and a potential source of iodinated compounds for other tissues, in particular the tunic, through which iodine-containing fibers and cells pass to the outer cuticle [175] . Comparative chromatographic studies were conducted of 131 Ilabeled products in extracts of whole specimens of Saccoglossus horsti, including their external secretions, and of the surface layer of the tunic of Ciona intestinalis. Chromatograms of S. horsti revealed only iodide and 2. Those of C. intestinalis were more complex, with 3-monoiodotyrosine and 3,5-diiodotyrosine being present, together with a number of unknowns. Some of the latter showed partial correspondence with certain analogs of the thyronines and of diiodotyrosine [176] .
Biosynthesis of thyroid hormones in the subjacent layer in detunicated Ciona intestinalis was described [177] . Fixation of 131 I from seawater by either fully detunicated or intact Ciona intestinalis was compared in experiments conducted for 4.5 days at 15°C. The 131 I-concentration by Ciona, practically stopped by detunication, resumed after 36 hrs and increased during the 3 following days, along with the regeneration of the tunic. Free monoiodotyrosine and diiodotyrosine were present in n-butanol extracts of homogenates after 2.5 days. Enzymic hydrolyzates of tissues previously extracted by n-butanol contained, diiodotyrosine 1, 2, and 4 after 4.5 days of regeneration.
Thyroid-like activity was investigated in the 9 zones of the endostyles of the ascidians Molgula manhattensis, M. occidentalis and Styela plicata [178] . The animals were immersed in seawater containing 125 I for 1-24 hrs. After longer exposure, grains were also present over large dense bodies and more basal regions of the cytoplasmic matrix. Certain features, suggestive of thyroidal functions, were observed in the cells of zone 7. These included morphological evidence for secretory and pinocytotic activities and cytochemical evidence both for peroxidase activity and for the presence of carbohydrate material which may represent a glycoprotein. It was concluded that active binding of 125 I was restricted to zone 7 in the endostyles of Molgula and Styela, where it occurs at both the apical cell membrane and within multivesicular bodies. After live Salpa maxima was kept several days in sea water containing Na 131 I, their tissues were shown to contain labeled thyroxine 3, and mono-2 and diiodotyrosine 1, partly free and partly combined with protein, and also traces of labeled tetraiodothyroacetic acid [179] . Both 2 and 1 were found in the ascidian, Dendrodoa grossularia [180] . The presence of thyroid hormones: 3 and 4, in a tunicate Ciona intestinalis has also been reported [181] . The ascidian Halocynthia roretzi and Chelyosoma siboja were incubated in seawater containing Na 131 I, and then the iodinated proteins were examined by sucrose gradient centrifugation. The sedimentation pattern of the supernatant fraction of the branchial sac showed the presence of 16S and 10S, large proteins with very high specific radioactivity. The solubilized preparation of the tissue contained the same iodoproteins [182] .
Two iodinated phenethylamine derivatives: 3,5diiodo-4-methoxy-benzene-ethanamine (99) , and N,N'-bis[2-(3,5-diiodo-4-methoxyphenyl)ethyl]-urea (100), were isolated from a Didemnid sp. tunicate, which was devoid of algal symbionts [183] . including the iodinated polyandrocarpamide B (104) has been isolated from the colonial marine ascidian Polyandrocarpa sp. collected in the Philippines [185] . Two cytotoxic triphenyl-pyrrolo-oxazinones, lukianol A and lukianol B (105) were isolated from a tunicate, and their structures were elucidated by spectral methods [186] . Lukianol A had an MIC of 1 μg/mL in KB cytotoxicity tests; the MIC value for 105 was 100μg/mL. The 6-bromo-hypaphorine and plakohypaphorine A (70), were isolated from the methanol extract of the Mediterranean tunicate Aplidium conicum [187] . 
Freshwater and Marine Fish
In 1928, Lunde [189a,b] was one from the first scientists who reported the presence of iodine in fish products. Muscle of Gadus aeglifinus, Gadus morrhua and Gadus virens contain, respectively, 34.17, 22 .20 and 13.37 mg iodine per kg dry substance. In the intestinal canals were found still higher values. Examination of Pandalus borealis, Asterias, Clupa harengus and phytoplankton showed that the iodine content of the ocean was concentrated in the phytoplankton, which contains 230.91 mg per kg dry substance. Norwegian preserved fish contain 0.45 to 6.60 mg I per kg dry substance. Cod-liver oils from Norway and New Foundland gave 4.5-15.2 mg I per kg.
Sea fish contain a relatively large amount of iodine (3.2-4.2 mg/kg) and most of this remains in the dried and salted product. The total iodine was extracted by shaking an acidified aqueous extract of the fish with chloroform (lipoid I) and a little iodine was present in the form of protein substances (protein I), but the greater portion was in the form of unknown organic iodine-containing compounds, insoluble in water. Deep-sea fish contain more iodine than those living near the surface with dried haddock contains 6 times as much I as coalfish, and 20 times as much as herring. In the deep-sea prawn the I was mainly concentrated in the skin and internal organs, the muscles being relatively poor in this constituent [189c] . Authors also reported the distribution of iodine in Norwegian fish products, and showed that they are richer in I than all other foods [190] . They studied the concentration of iodine in fresh and dried fish, fish oil, fish and herring meal. The average I content in fish was small (from 0.26 to 6.33 mg per kg for fresh fish and 0.50 to 29.34 mg per kg on the dry basis). According to analysis ordinary nonmarine foods had a low I content, usually less than 0.05 mg/kg. Fish varieties rich in fat showed a lower % of I than those that are lean. Lunde, and Boe [191] have studied the iodine content in species of fish from the east and west coasts of U. In 1935, Coulson [192] reported data on the presence of iodine in freshwater and marine fish products. Of the fish tested (12 species fresh and canned), the highest values (parts per 100) were found in the haddock (average 26,100) and the mullet (av. 20,490). The average for codfish was 5350, and for canned Chinook salmon 2010. Of eight fish meals shrimp had 23,080, crab 19,440, whitefish 12,080 and menhaden 4500. All the other values were between 1000 and 2000. The average values for fish oils were cod-liver oil 7670, salmon oil 1980 and sardine oil from Maine 470 and from California 260.
Westgate [193] studied the iodine content of Hawaiian marine foods and eggs. The average I content in ppb dry sample of fish was as follows: moano 720, pupoupou 1025, ukikiki 1075, enenue 796, uu 1652, halahu 3602, pualu 1430 and kaku 1134; moala crab 694. The iodine content of Hawaiian fresh eggs was found to be 0.0075 mg per egg.
Eckhoff and Maage [194] reported the iodine content of saltwater and freshwater fish: Barbus intermedius ("large barbs" from Lake Tana), Cyprinus carpio (carp), Clarias gariepinus (a clariid catfish), Lates angustifrons, Limnothrissa miodon, Oreochromis tanganicae, Rastrineobola argentea, Stolothrissa tanganicae, Tilapia nilotica, Tilapia zillii. Fish were obtained from local markets in Ethiopia, Tanzania, and Burundi. In Ethiopia, water samples were also collected. The results showed that the iodine concentration in fillet of saltwater fish was 5 to 10 times higher than those of freshwater fish, with the highest value of 920 μg I/kg wet wt for changu. The lowest iodine concentration in fillet was found in barbus from Lake Awasa with only 5-8 μg I/kg wet wt. The iodine concentration in skin was higher than in fillets and the iodine concentration in fillets seemed to increase with fish size.
Thyroid hormone concentrations in unfertilized eggs of 26 species of various freshwater, marine, and diadromous teleosts were examined together with changes in their concentration during egg development in some species. Significant quantities of both T4 (3) and T3 (4) were found in eggs of all species examined [195] . Mean T4 and T3 concentrations in eggs varied from 0.04 (marbled sole) to 15 ng/g (chum salmon), and from 0.07 (goldfish) to 9.95 ng/g (Pacific herring), respectively. T4 concentrations were significantly greater than T3 concentrations in eggs of most freshwater fishes, whereas T3 concentrations were greater in seawater fishes. During development, thyroid hormones in eggs decreased markedly before hatching. These findings suggest that thyroid hormones are consistently present in teleost eggs, and thus may play an important role in the egg development [195] .
Both thyroxine and triiodothyronine were found in the gland of Petromyzon marinus (the sea lamprey, one of the most primitive freshwater fishes), but only triiodothyronine was present in the sera. Thyroxine was present in significant quantities only in the sera of fully mature females [196] . The nucleated erythrocytes of the shark (Scylliorhinus canicula), the duck, and the marine invertebrate Sipunculus nudus (peanut worm) strongly fix thyroid hormones in vitro; 3,3',5-triodo-L-thyronine more rapidly than L-thyroxine. The iodotyrosines and inorganic iodide do not penetrate the cells [197] .
Amphibians and Reptiles
Biciotti and co-workers [198] have studied the metabolism of the 131 I in some amphibians and reptiles. In anurans, thyroidal 131 I uptake rose at a slow rate after the tracer injection and persisted at a moderate rate for ≥96 h. In the crested newt, and to a certain extent in the lizard, 131 I uptake was much more intense soon after tracer injection. In all species under study a rapid rate of iodotyrosine synthesis was recorded, while that of iodothyronines was slightly lower. Three hours after 131 I injection labeled hormones were chromatographicaly separated and their radioactivity measured. In the crested newt and the lizard the production of labeled hormones tends to increase with time, and the per cent iodothyronines with respect to iodotyrosines was higher than that in anurans.
Adult toads (Bufo marinus) were injected with T4 (50 μg/day for 5 days) to assess possible conversion of Ito T3. Plasma T3 was undetectable (<12.5 ng/dL) before injection of T4; the mean correlation plasma level of T3 after injection was 259 ng/dL), indicating in vivo conversion of T4 to T3 in an adult amphibian. This conversion may be important in the action of thyroid hormones in adult amphibians [199] .
Axolotls
(Ambystoma mexicanum, Mexican salamander, origin Lakes Xochimilco and Chalco, Mexico) were kept in water containing thyroidin (0.01 g/L) and the following salts in individual experimental groups: 0.05 NaBr, 0.05 NaI, 0.025 NaBr, and 0.025% NaI. Metamorphosis was completed 5-10 days sooner under the influence of these salts. When more thyroidin was added (0.075 g/L), less pronounced differences were found. Br exerted a higher effect on the primary metamorphosis stages and was less toxic than I. Br may participate in the thyroid gland function and thus enhance metamorphosis [200] . Thyroidectomized, partially thyroidectomized and normal axolotls were readily metamorphosed by intraperitoneal injection of iodotyrosine, iodized serum globulin and iodocasein, but do not metamorphose when injected with large amts of pure tyrosine, 3,5-dibromotyrosine and noniodized serum globulin [201] . Larval Spelerpes bilineatus (an albino salamander) readily metamorphoses in strong solutions of 3,5diiodotyrosine, but does not transform in equivalent concentrations of tyrosine and 3,5-dibromotyrosine even when kept in such solutions over comparatively long periods [201] .
Rana clamitans (green frog) tadpoles with 6 to 8 months of larval life remaining were metamorphosed within 20 days by rearing the animals in strong concentrations of 3,5-diiodotyrosine and feeding them this substance. Control larvae of similar age and developmental stage reared in equivalent solutions of 3,5-dibromotyrosine and fed quantities of the compound failed to transform [201] .
Thyroid activity was examined in the lizard Trachydosaurus rugosus, the tortoise Chelodina longicollis, and the crocodile Crocodylus johnstoni, acclimated to 20-22°C and 30-32°C [202] . Thyroidal uptake and release of 125 I and plasma concentrations of T3 and T4 were measured, as was resting O 2 consumption at 30°C before and after both thyroidectomy and thyroxine injections. All three species showed 125 I uptake at both temperatures and showed no thyroidal release of 125 I at 20-22°C but exhibited thyroidal release of 125 I (and presumably hormone secretion) at 30-32°C. Plasma concentrations of thyroxine were 0.55-3.24 nM and of T3 were 0.14-0.51 nM. Neither thyroidectomy nor T4 injections had any effect on metabolic rate in 20-22°C acclimated lizards. Thyroidectomy resulted in a significant decrease in metabolic rate in 30-32°C acclimated lizards and tortoises and T4 injections resulted in significant increases in metabolism in 30-32°C acclimated lizards, tortoises, and crocodiles. A comparison of thyroid parameters in reptiles and mammals indicated that although the reptilian thyroid is active at high temperatures, it is still considerably less active than in mammals [202] .
When thyroid tissue of Geoclemys reevesi (turtle), Gekko gekko (lizard), and Elaphe radiata (copperhead ratsnake) was incubated with 125 I, iodotyrosines and iodothyronines was demonstrated in the incubation media in proportions which varied among species [203] . In Elaphe, iodotyrosines were the principal products. The effects of thyroid stimulating hormone (TSH) and prolactin on the pattern of thyroidal iodoamino acids and Isecreted also varied among species. These hormones caused an increase in the discharge of 125 I-labeled substances from the thyroid tissue. Both hormones stimulated biosynthesis of iodinated compounds by thyroid tissue in the snake, but not in the turtle. TSH promoted thyroxine biosynthesis in the gekko, but prolactin had no effect.
Thyroidal uptake of 125 I injected as thyroxine-125 I and Na 125 I was monitored in two South American teiid lizards, Ameiva ameiva and A.bifrontata kept in thermal gradients. Uptake curves of thyroidal accumulation of 125 I by A. ameiva reached a maximum of 8.5-14.0% of the injected dose in 17-24 days. Tests with small samples of A. bifrontata gave similar results; a maximum of 21% being reached in 21 days. Uptake of 125 I in the two species of the genus Ameiva was slow relative to literature values for other reptiles [204] .
Comparative analysis of data on the different phases of intra-and extra-thyroidal iodine metabolism in poikilotherms and its variation due to different etiologic or ecologic factors has also been reported [205] .
Iodoperoxidases, Haloperoxidases and other Enzymes
Biological systems have evolved haloperoxidase enzymes to catalyze the oxidation of chloride, bromide and iodide by hydrogen peroxide. Recently, reviews have been published that deal with various aspects and activities of these enzymes [206] [207] [208] [209] . Three classes of haloperoxidases have been identified. The first are enzymes found in bacteria without a prosthetic group. The second are hemecontaining peroxidases such as chloroperoxidase (CPO), first discovered in the marine fungus Caldariomyces fumago in 1966 [210] , myero-peroxidase, eosinophil peroxidase and lactoperoxidase from mammalian systems [211] . The third class of haloperoxidases are vanadiumcontaining peroxidases that require a vanadate ion (VO 4 -3 ). Vanadium peroxidase was first discovered in the brown alga Ascophyllum nodosum in 1984 [212] , but since then it has also been found in the lichen Xanthoria parietina [213] and in fungi [214] .
Haloperoxidases are ubiquitous metalloenzymes that catalyse a variety of enantioselective oxygen-transfer reactions with hydrogen peroxide or alkyl-peroxides [207] [208] [209] including oxidation, epoxidation and sulfoxidation. These enzymes usually contain the FeHeme moiety or vanadium as an essential constituent at their active site. However, a few haloperoxidases that lack a metal cofactor are known [206] . For over 40 years haloperoxidases were thought to be responsible for the incorporation of mainly halogen atoms into organic molecules However, haloperoxidases lack substrate specificity and regioselectivity, and their connection with the in vivo formation of oxygenated as well as halometabolites has been demonstrated [206] .
Recently, molecular genetic investigations showed that, at least in bacteria, fungi, and other organisms, a different class of halogenases is involved in halo-and oxygenated metabolite formation [215] . Haloperoxidases have been isolated from many natural sources (see Table 4 ). In addition, haloperoxidase activity has been detected in many algal species, in other marine invertebrates, and microorganisms. One of the most interesting, yet unsolved, problems in the area of terrestrial and marine halogenation, is the biogenesis of chiral halogenated natural products.
Iodo-and bromoperoxidase enzyme production of halogenated methanes in marine diatom cultures have been reported [259] . Species examined include Nitzschia sp. (CCMP 580), Nitzschia arctica, Porosira glacialis, and two Navicula sp. (CCMP 545 and 546). A suite of brominated compounds, notably bromoform and dibromomethane, was produced by the Nitzschia and Porosira species. Nitzschia sp. (CCMP 580) was grown in sufficient quantities to allow the identification of a bromoperoxidase enzyme, which is assumed to be responsible not only for the CHBr 3 and CH 2 Br 2 production but also forCH 2 I 2 which was measured in those cultures. Chloroiodomethane was produced, either directly by the algae or by a photochemical reaction of CH 2 I 2 .
One Navicula species (CCMP 545), found to produce CH 2 I 2 and CH 2 ClI, was shown to possess an iodoperoxidase. Bromoform and dibromomethane were not detected in cultures of these species. Other compounds produced in certain of these non axenic cultures included methyl and ethyl iodide, and bromoiodomethane. 
Bromoperoxidases
References Microorganisms References Streptomyces aureofaciens [238] Marine Green Algae (type Chlorophyta) Streptomyces griseus [239] Halimeda sp. [206] Streptomyces venezuelae [240] Penicillus capitatus [216] [217] [218] Streptomyces phaeochromogenes [241] Penicillus lamourouxii [216] Shigella flexneri [242] Rhipocephalus phoenix [216] Salmonella enterica ser. typhimurium [242] Ulvella lens [219] Pseudomonas aureofaciens [243] Pseudomonas putida IF-3 [244] Marine Red algae (type Rhodophyta) Ceramium rubrum [220] Chloroperoxidases Corallina pilulifera [221] [222] [223] Corallina officinalis [224, 225] Fungus Corallina vancouveriensis [226] Aspergillus flavus [245] Cystoclonium purpureum [227] Caldariomyces fumago [210] Rhodomela larix [228] Curvularia inaequalis [246] Ochtodes secundiramea [229] Embellisia didymospora [247] Fusarium oxysporum [248] Marine Brown Algae (type Phaeophyta)
Phanerochaete chrysosporium [249] Alaria esculenta [206] Ascophyllum nodosum [230] Microorganisms Chorda filum [231] Saccharomyces cerevisiae [ The iodoperoxidase was approximately seven times more efficient than the bromoperoxidase fraction in the oxidation of iodide [261] . The two enzymes were markedly different in their molecular masses, trypsin digestion profiles, and immunological characteristics. Also, in contrast to the iodoperoxidase, bromoperoxidases isolated from the brown alga Laminaria digitata were present in the form of multimeric aggregates of near-identical proteins. Two full-length haloperoxidase cDNAs were isolated from L. digitata, using haloperoxidase partial cDNAs that had been identified previously in an Expressed Sequence Tag analysis of the life cycle of this species. Sequence comparisons, mass spectrometry, and immunological analyses of the purified bromoperoxidase, as well as the activity of the protein expressed in Escherichia coli, all indicate that these almost identical cDNAs encode bromoperoxidases.
The brown alga Laminaria digitata features a distinct vanadium-dependent iodoperoxidase (VIPO), which has been purified to electrophoretic homogeneity [262] . Steady-state analyses at pH 6.2 are reported for VIPO (K m (I -) = 2.5 mM; k (cat) (I-) = 462 s -1 and for the previously characterized vanadium-dependent bromoperoxidase in L. digitata (K m (I -) = 18.1 mM; k (cat) (I -) = 38 s -1 . Although the VIPO enzyme specifically oxidises iodide, competition experiments with halides indicate that bromide is a competitive inhibitor with respect to the fixation of iodide. A fulllength complementary DNA (cDNA) was cloned and shown to be actively transcribed in L. digitata and to encode the VIPO enzyme. Mass spectrometry of tryptic digests of VIPO indicated the presence of at least two very similar proteins, in agreement with Southern analyses showing that VIPOs are encoded by a multigenic family in L. digitata. Phylogenetic analyses indicated that VIPO shares a close common ancestor with brown algal vanadium-dependent bromoperoxidases. Based on a three-dimensional structure model of the VIPO active site and on comparisons with those of other vanadium-dependent haloperoxidases, the authors propose a hypothesis to explain the evolution of strict specificity for iodide in L. digitata VIPO.
Vanadium-dependent iodoperoxidases from the brown seaweed, Saccorhiza polyschides, collected at 3 different locations along the Portuguese west coast, were extracted, purified, and characterized [263] . It was possible to isolate 3 different isoforms of the enzyme, which showed mainly iodoperoxidase activity. The three native enzymes had a relative molecular weight of approximently 125 kDa, and 2 subunits of molecule wt approximately 64 kDa. Reactivation studies of the apoenzymes with several metal cations revealed that vanadium (V) was essential for enzymatic activity. These enzymes are remarkably thermostable, maintaining their maximum activity up to 50 °C. The kinetic parameters for the iodoperoxidase-catalyzed reaction were obtained at pH 6.1. In the concentration range studied (0.2-8 mM), there was no inhibition by H 2 O 2 , whereas iodide inhibition was already apparent at the top values of the concentration range studied (2-25 mM).
In the presence of I -, H 2 O 2 , and lactoperoxidase, docosahexaenoic acid (22:6ω3) was converted into iodinated compounds [264] . The major product was identified as 5-iodo-4-hydroxy-7,10,13,16,19docosapentaenoic acid, γ-lactone, on the basis of 125 I incorporation, mass spectrometry, chemical modifications, and 1 H NMR specroscopy. Iodolactonization of docosahexaenoic acid occurred in the rat thyroid in vitro and was inhibited by the peroxidase inhibitor methimazole. Evidently, formation of an iodolactone 107 constitutes a pathway of docosahexaenoic acid which could be expressed in tissues containing an iodoperoxidase. Other iodinated lactones have been obtained from arachidonic acid [265] . In the presence of Iand H 2 O 2 , lactoperoxidase, an enzyme model for thyroid peroxidase, catalyzed the conversion of arachidonic acid (IAs) into several iodinated products. The major product was identified as 6-iodo-5-hydroxyeicosatrienoic acid δ-lactone (iodolactone), on the basis of 125 I incorporation, mass spectrometry, 1 H NMR spectroscopy, and chemical modifications. Addition of Iand arachidonic acid to rat thyroid lobes resulted in the formation and release of the iodolactone 108, which was inhibited by methimazole. Thus, peroxidases capable of oxidizing halides could provide a new pathway of arachidonic acid metabolism, besides cyclooxygenase and lipoxygenases.
Lactoperoxidase in the presence of iodide and H 2 O 2 , catalyzed the conversion of eicosatetraenoic acid into several iodinated products. The major one, 108, was previously identified as an iodo-δ-lactone [266] . The ω-lactones 109 and 110 have been detected by GC-MS [267] . The formation of the ω-lactones of 14iodo-15-hydroxy-eicosa-5,8,11-trienoic acid (109) and of 15-iodo-14-hydroxy-eicosa-5,8,11-trienoic acid (110) is shown in Figure 2 . Different iodolipids, including iodinated derivatives of IAs, were produced by rat, calf, and pig thyroids. The action of two iodolactones 108 and 109, one bearing the iodine atom at position 6 and the other at position 14, on growth of FRTL-5 cells were studied [268, 269] . KI, 108, and 109 exerted dose-related inhibitions on FRTL-5 cell proliferation. The first two compounds caused inhibition at 1 μM, and 108 was effective at 10 μM. This inhibitory action of the iodolactones was not altered by 1 mM methylmercaptoimidazole, indicating that they exerted their effect per se. The action of 109 on cell growth was reversible. The growth-stimulating effect of 10 μM forskolin was inhibited by IAs, showing that one possible site of action involves the cyclic adenosine-3',5'-monophosphate (cAMP) pathway. The results support the hypothesis of a role for IAs in thyroid growth autoregulation.
Pereira and co-workers [270] have demonstrated the formation of iodolipids by incorporation of iodine into proteins and lipids of horse thyroid slices. The authors have identified the major thyroid iodolipid to be 2-iodohexadecanal (111). The biosynthesis of the iodolipid is likely to involve the addition of iodine to the vinyl ether group of plasmenylethanolamine, which is the main thyroid phospholipid (Figure 3 ). 2-Iodohexadecanal (111) has also been found as the major iodolipid in dog and rat thyroid [270] . Partially purified human salivary peroxidases under physiological conditions oxidized Ito I 2 (pH optimum 6.2) and iodinated tyrosine derivatives (pH optimum 3.4). Salivary lactoperoxidase in the presence of iodine was capable of iodinating tyrosine, monoiodotyrosine, and bovine serum albumin [271] . Salivary concentrations of thiocyanate ions inhibited both the oxidation and iodination, but thiocyanate did have a preserving influence on enzyme activity due, perhaps, to an enzyme-substrate complex forming before catalysis could occur, after the addition of H 2 O 2 . Hence, due to the presence of thiocyanate and unfavorable pH values in human oral fluid, the metabolite of iodine by salivary peroxidases in vivo cannot be significant, compared to the metabolite in the thyroid gland.
Within the last decades multiple iodolipid-classes have been identified in thyroid tissue (111-113) [272] . For a long time they have been supposed to be involved in thyroid autoregulation, but for the time being no specific compounds could be isolated. A new approach was stimulated by the finding that thyroid cells were able to iodinate poly-unsaturated fatty acids to form iodolactones and by the identification of α-iodohexadecanal (α-IHDA) as the major compd. of an iodolipid fraction. α-IHDA exerts multiple inhibitory effects on adenylate cyclase, NADPH-oxidase and thyroid peroxidase. Therefore, it is speculated as a mediator of the Wolff-Chaikoff-effect and to be involved in the autoregulation of specific thyroid functions mediated by the cAMP-pathway. Meanwhile δ-iodolactone 108 has been identified in human thyroid tissue and demonstrated to specifically inhibit signal transduction pathways induced by local growth factors such as epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). Therefore, δiodolactones seem to act as mediators of iodine, esp. in the autoregulation of cAMP-independent thyroid cell proliferation.
Among haloperoxidases [254] , chloroperoxidase occupies a unique niche among hemeprotein enzymes. The marine fungus Caldariomyces fumago is an excellent source of chloroperoxidase and its biological chlorination ability has been proved extensively in a variety of substrates such as fulvic, cinnamic, barbituric and β-keto acids, alkenes, alkynes, thiols, cyclopropanes, 1,3-diones, tyrosine, anisoles, thiazole, nitrogen heterocycles, phenols and anthraquinones [206, 254, 273, 274 ].
An enzyme of the chloroperoxidase type was detected for the first time in bryophytes namely in the liverwort Bazzania trilobata [275] . The chloroperoxidase catalyzes iodination of tyrosine under enzymatic reactions between iodine and tyrosine [276, 277] . Chloroperoxidase catalyzes the oxidation of iodine to iodate [278] , and also the iodination reaction in two distinct stages. First, iodide ion is peroxidized to form molecular iodine.
Secondly, the enzyme catalyzes a reaction between iodine, hydrogen peroxide, and tyrosine. This second reaction has an absolute requirement for hydrogen peroxide, and is inhibited by the presence of iodide ion (Figure 4 ). The complete mechanistic analysis of iodide ion oxidation by horseradish peroxidase (HRP) [279] showed conclusively that a two-electron oxidation of iodide by HRP-1 (HRP + H 2 O 2 HRP-1 + H 2 O) was occurring. This implied that oxygen atom transfer was occurring from HRP-1 to iodide, forming hypoiodous acid, HOI (HRP-I + I -+ H+ HRP + HOI). Searches for other two electron oxidations revealed that sulfite was oxidized by this mechanism. A study of the non-enzymatic iodination of tyrosine showed that the iodinating reagent was either HOI or I 2 . The big difference in the two systems is that the following reaction also occurs with LPO: Fe +3 O-I -+ Tyr MIT + Fe +3 + HO -, which is the dominant mechanism of iodination for the mammalian enzyme. The overall rate of formation of MIT is about 10 times faster for LPO compared to HRP under comparable conditions. A small decrease in rate occurs when D-tyrosine is substituted for L-tyrosine in the LPO reaction. Thus LPO has a tyrosine binding site near the heme. A kinetically controlled maximum was observed in Iconcentration. Once equilibrium is established, I 2 is the dominant form of inorganic iodine in solution.
Myeloperoxidase
(MPO), which displays considerable amino acid sequence homology with thyroid peroxidase (TPO) and lactoperoxidase (LPO), was tested for its ability to catalyze iodination of thyroglobulin and coupling of two diiodotyrosyl residues within thyroglobulin to form thyroxine [281] . After 1 min of incubation in a system containing goiter thyroglobulin, I -, and H 2 O 2 , the pH optimum of MPO catalyzed iodination was markedly acidic (approximately 4.0), compared to LPO (approx. 5.4) and TPO (approx. 6.6).
The presence of 0.1 N Clor Brshifted the pH optimum for MPO to about 5.4, but had little or no effect on TPO or LPO-catalyzed iodination. At pH 5.4, 0.1 N Cland 0.1 N Brhad a marked stimulatory effect on MPO-catalyzed iodination. At pH 4.0, however, iodinating activity of MPO was almost completely inhibited by 0.1 N Clor Br -. When iodination of goiter thyroglobulin was performed with MPO plus the H 2 O 2 generating system, glucoseoxidase, at pH 7.0, the iodinating activity was markedly increased by 0.1 N Cl -. Under these conditions iodination and thyroxine formation were comparable to values observed with TPO. MPO and TPO were also compared for coupling activity in a system that measures coupling of diiodotyrosyl residues in thyroglobulin in the absence of iodination. MPO displayed very significant coupling activity, and, like TPO, this activity was stimulated by a low concentration of free diiodotyrosine (1 µM).
A method has been developed for the isolation of cells high in iodine uptake and peroxidase activity from the stomach and submaxillary gland of mice [282] . The isolated cells produce protein-bound monoiodotyrosine, diiodotyrosine and an unknown iodinated compound. The reactions were catalyzed by peroxidase and were sensitive to anti-thyroid drugs and haemoprotein inhibitors but were insensitive to TSH. In vitro iodination of stomach or submaxillary soluble proteins with the respective peroxidase yielded similar iodocompounds while thyroxine was produced when thyroglobulin was used instead. Other methods of iodination of tyrosine and their derivatives by different isolated enzymes and/or enzyme systems have been summarized in some review articles [283] [284] [285] [286] [287] [288] .
Concluding Remarks
The biological significance of natural iodinated metabolites has been described in many review articles and partly summarized [50, 51, 269, 272, 289, 290] . The question of interest to biologists, chemists and biochemists is why organisms synthesize many different iodinated metabolites and their analogues and derivatives? This question does not have a simple answer. Natural iodinated metabolites and also other halometabolites are produced by the action of iodoperoxidases, chroloperoxidases, haloperoxidases, and/or other peroxidases. Biohalogenation is characterized by wide substrate specificity. A variety of nucleophilic organic functionalities can be halogen acceptors, in particular α,β-unsaturated acids, alkenes and/or alkynes.
The mechanisms and products of these reactions are diverse, but of apparent relevance to the biosynthesis of iodinated or other halogenated compound via interhalogen or hypolalous acid addition to unsaturated sites followed by molecular rearrangements or subsequent reactions.
In recent years, halogenated peroxidases (chloro-, bromo-and/or iodo-) and other natural enzymes have been detected and isolated from many marine algae, invertebrates, and some terrestrial plant species [206] [207] [208] [209] . It is reasonable to assume that these peroxidases promote synthesis of halogenated compounds, and thus provide a natural origin for the production of halogenated metabolites. The presence of halogen atoms in metabolites causes significant changes in their physico-chemical characteristics of natural halogenated metabolites, increasing their reactivity and changing the conformation of biological membranes. The introduction, for instance, of iodine atom into the double bond of natural products has been of great interest because the iodinated analogues of natural compounds, particularly tyrosines and related compounds are expected to have pharmacological properties different from those of the original compounds.
A number of careful investigations have provided strong evidence for the role that iodine (or other halogen)-containing compounds serve in their natural setting [50, 51] . Recent studies have indicated a chemical defensive role for halogen-containing metabolites in many marine invertebrates [50, 51, 269] , and/or some microorganisms [290] [291] [292] . Novel natural iodinated compounds and their analogues and derivatives have been discovered and evaluated for their biological activity. It seems certain that some possess anticancer [82] [83] [84] [85] 290] , antifungal and/or antibacterial properties [50, 51] .
Certainly other important iodinated derivatives with biological activity also will be discovered. Iodine, as well as other halogens, plays an important role in natural processes, both biogenic and abiogenic, and only by an improved understanding of the processes of biological halogenations can new information about biological significance of iodinated metabolites and other organohalogen compounds be evaluated. At the present time nearly 4,000 naturally halogencontaining metabolites have been isolated from living organisms [48-51, 269, 292] , including more than 110 iodinated metabolites.
